CO 2 pyrolysis by thermal plasma was investigated, and a high conversion rate of 33% and energy efficiency of 17% were obtained. The high performance benefited from a novel quenching method, which synergizes the converging nozzle and cooling tube. To understand the synergy effect, a computational fluid dynamics simulation was carried out. A quick quenching rate of 10 7 K s −1 could be expected when the pyrolysis gas temperature decreased from more than 3000 to 1000 K. According to the simulation results, the quenching mechanism was discussed as follows: first, the compressible fluid was adiabatically expanded in the converging nozzle and accelerated to sonic speed, and parts of the heat energy converted to convective kinetic energy; second, the sonic fluid jet into the cooling tube formed a strong eddy, which greatly enhanced the heat transfer between the inverse-flowing fluid and cooling tube. These two mechanisms ensure a quick quenching to prevent the reverse reaction of CO 2 pyrolysis gas when it flows out from the thermal plasma reactor.
Introduction
The consumption of fossil fuels leads to the increase of CO 2 concentration in the atmosphere and the decrease of natural hydrocarbon reserves. Therefore, renewable energy (solar, wind, etc) is expected to contribute to the future energy supply. However, almost all these energies are collected as electricity, which needs to be stored or further converted to meet the needs of future energy requirements [1, 2] . For this purpose, various technologies have been investigated to convert CO 2 then subsequently convert it to chemicals or liquid fuels. Among these approaches, plasma technology has proved to be a promising pathway due to its fast switching ability, thus rendering it suitable for the conversion of renewable electricity [3] . However, as an industrial application, there is still the challenge to increase the energy efficiency η, conversion rate X, as well as mass processing capacity simultaneously. These parameters are defined as follows, 
where η is defined by the ratio of the reaction enthalpy of equation (1) to the actual energy cost, E CO , to produce CO; and
where, V CO 2 in and V CO 2 out stand for the inlet or outlet flow rate of CO 2 in the plasma system, respectively. In the plasma treating process, CO 2 
Therefore, with different plasma characteristics, the mechanism of dissociation reaction may be different, thus resulting in a different conversion rate and energy efficiency. For example, in atmospheric dielectric barrier discharge (DBD), the reduced electric field is more than 100 Td and the gas temperature is lower than 500 K. Thus, the CO 2 is dissociated by direct impact between molecules and electrons and with energy more than 7 eV, the considerable radical reaction is equation (6) . Many experiments have verified that the DBD plasma provided a conversion rate and energy efficiency of no more than 20% and 10% [3] , respectively. In moderate pressure non-equilibrium microwave discharge plasma, the gas temperature is about 800 K and the reduced electric field is about tens of Td. CO 2 is dissociated by stepby-step vibrational excitation of molecules stimulated by electron impact with energy of 1-3 eV, and the main radical reactions may be equation (5) due to the active energy reduced by vibrational excitation of the CO 2 . A conversion rate of 25% and energy efficiency of 75% can be achieved in experiments [4] , but this has yet to be confirmed by further experiments. In atmospheric thermal plasma, the gas temperature is more than thousands of Kelvin and the reduced electric field is about 1 Td. The CO 2 is predominantly dissociated by pyrolysis at high temperature [5] , the main radical reaction is equation (7) , and the conversion rate and energy efficiency depend on how to quench the pyrolysis gas to avoid the reverse reaction of CO 2 . The highest energy efficiency achieved in experiments is about 8%, and the conversion rate is only 15% [5] [6] [7] because of the unsatisfactory quenching process.
In our previous experiments of CO 2 decomposition by thermal plasma [8] , a higher conversion rate and energy efficiency than those reported in similar work were obtained. It is believed that the results benefit from a novel quenching method. In this study, a computational fluid dynamics (CFD) simulation based on the experimental operating conditions was carried out to understand the quenching process.
Brief description of CO 2 pyrolysis by thermal plasma
Thermal plasma can be achieved by arc discharge at high gas pressure. Its typical characteristics are high ionization degree and low reduced electric field, which enable the particles in the plasma to easily reach thermodynamic equilibrium or local thermodynamic equilibrium at high temperature (thousands of Kelvin). Therefore, the chemical processes of CO 2 in thermal plasma are generally understood by thermodynamic principle. In this case, the plasma only acts as a heater to provide the required high temperature.
The equilibrium composition of CO 2 pyrolyzed under certain temperature is shown in figure 1 . As can be seen in the figure, significant CO 2 dissociation requires about 2500-3500 K in the thermodynamic equilibrium conditions. For instance, the CO 2 conversion can be reached at 80% at 3500 K.
The equilibrium temperature realized in the thermal plasma reactor can be estimated by the gas flow rate, discharge power, as well as the heat efficiency of the plasma generator, which is usually about 70%. Figure 2 gives an estimation on a zero-dimensional model for typical operations of the present experiments, where the Ar flow rate is fixed at 25 l min −1 , the CO 2 flow rate is varied from 20-35 l min −1 , and P e is the heat efficiency times the practical discharge power. Considering the reaction latent heat, for instance, when the discharge power is 12 kW, the P e is equal to 8.4 kW. For a CO 2 flow rate of 30 l min −1 , the equilibrium temperature is about 3050 K, while the corresponding CO 2 conversion rate in the plasma reactor is about 54% at absolute pressure of 150 kPa, according to the thermodynamics calculation.
However, if the pyrolysis gas is released from the hightemperature region (plasma zone) slowly, the chemical equilibrium would be continuously shifted reversely during the temperature decrease, and the CO will be converted back to CO 2 according to equation (7) . Therefore, to avoid the reverse reactions, a quick quenching is needed. Figure 3 reveals the kinetic results of the final CO 2 conversion rate calculated at different quenching rates (based on the aforementioned initial conversion of 54%). The considered elementary reactions are listed in table 1. Figure 3 illustrates the final conversion rate is strongly dependent on the quenching rate through CO 2 initial conversion at a temperature of 3050 K. To obtain considerable final conversion, the quenching rate should be more than 10 7 K s −1 when the pyrolysis gas is released from the thermal plasma reactor. However, the traditional quenching methods shown in figure 4 can only implement a quenching rate of no more than 10 6 K s −1 [11] . Therefore, a novel quenching method based on gas dynamics principle was developed in our experiments.
The schematic diagram of the experiments is shown in figure 5 . In a double-anode thermal plasma reactor, Ar is introduced into the reactor from inlet 1 between the cathode and the floating anode, and CO 2 is fed from inlet 2 between the floating anode and the second anode with an inner diameter of 20 mm and a length of 180 mm. When the plasma arc is ignited, a stable arc is maintained between the cathode and second anode where the fed CO 2 gas is instantaneously heated and well pyrolyzed, and then flowed out from the exit of the second anode. In order to quench the pyrolysis gas, a converging nozzle with an entrance diameter of 20 mm, an exit diameter of 4 mm and length of 12 mm is installed on the exit of the second anode. By this method, the pyrolysis gas is force jetted with high velocity into a water-cooling tube (diameter of 200 mm and length of 600 mm). The gaseous product is sampled at the end of the cooling tube, and analyzed by a two-channel gas chromatograph equipped with a thermal conductivity detector and a backflush system [8] (SC-200G-05T, Chuanyi). Figure 6 shows the experimental results obtained in the experiments. Under the conditions of discharge power of 12 kW and Ar flow rate of 25 l min −1 , without a converging nozzle, the CO 2 conversion rate and energy efficiency are found to be very low, and the pressure in the plasma generator is around 1 atm. However, with a converging nozzle, the pressure in the plasma generator is about 1.5 atm and the conversion rate and energy efficiency can reach 33% and 17%, respectively (CO 2 flow rate of 30 l min −1 ). This improvement may benefit from the synergy quenching effect of the converging nozzle with a water-cooling tube.
CFD simulation
To understand the synergy quenching mechanism, a CFD simulation based on actual experimental configuration and operating conditions is carried out. The computational domain and grid structure for the converging nozzle and straight nozzle with the water-cooling tube are shown in figures 7(a) and (b), where the number of computational cells for both cases are 62 028 and 61 790, respectively. CO 2 pyrolysis is assumed to realize quasi-thermodynamic equilibrium in the plasma reactor, then pass through the computational domain from the left side. The input parameters used in the simulation are based on the experimental case of an Ar flow rate of 25 l min −1 , CO 2 flow rate of 30 l min −1 , and discharge power of 12 kW:
(1) The fluid was considered as compressible ideal gas, and the inlet mass flow rate is 0.001 73 kg s −1 . (2) The initial temperature of the pyrolysis gas is 3050 K, corresponding to discharge power of 12 kW. (3) The initial mole fractions of the pyrolysis gas are 38.70% for Ar, 21.34% for CO 2 , 25.12% for CO, 10.57% for O 2 and 4.26% for O, respectively (refer to the corresponding thermodynamics composition temperature of 3050 K). (4) The temperature at the wall of the nozzle and watercooling tube is set as 320 K due to the circulating water cooling. (5) The absolute pressure at the outlet of the water-cooling tube is 101.325 kPa.
The FLUENT commercial code was employed in the simulation, in which a 2D model is chosen because of the axisymmetric configuration, a standard k-ω model is chosen for potential turbulence, and a pressure-based coupled solver is chosen for compressible viscous fluid with high velocity [12, 13] . Finally, the iteration was stopped when each residual of energy, continuity, velocity and turbulence intensity was less than 10 −5 . All the boundary conditions and choices mentioned above are implemented on the operation interface of the FLUENT code. . Initial conversion in the plasma reactor is 54%.
Simulation results

Temperature distribution
The temperature profiles simulated for both the converging nozzle and straight nozzle configurations are shown in figures 8(a) and (b). For ease of analysis, the temperature distribution along the central axis is shown in figure 9 . The temperature distribution in both configurations is different from each other. The fluid in the cooling tube with a converging nozzle undergoes two cooling stages. First, the static temperature of the fluid at the entrance of the converging nozzle decreases from 3050 to 2638 K at the nozzle outlet, then rapidly drops to 1000 K after a distance of 46 mm along the central axis. Finally, the temperature decreases to 559 K at the outlet of the cooling tube. In contrast, the temperature of fluid flowing in the cooling tube with a straight nozzle only has a slow drop in the middle of the cooling tube, and it is still 1048 K at the outlet of the cooling tube.
Velocity and pressure distribution
The velocity distribution along the central axis for both cases is shown in figure 10 . The axial velocity of the fluid in the cooling tube with a converging nozzle exhibits a great change. First, the velocity increases from 21 m s −1 at the entrance of the converging nozzle to 894 m s −1 at the nozzle outlet, then rapidly drops to 146 m s −1 in 58 mm on the central axis. In contrast, the axial velocity of fluid flowing in the cooling tube with a straight nozzle, has a value of no more than 38 m s −1 , irrespective of whether it is in the straight nozzle or cooling tube. It is the great difference in fluid velocity in the cooling tube that results in different quenching effects, which will be discussed in section 6.
According to the velocity and temperature distribution on the central axis shown in figures 9 and 10, the quenching rate R q can be estimated by the definition of
where u(x) stands for the axial fluid velocity and x is the distance along the central axis, T a , T b corresponding to the temperature at positions a and b, respectively. The estimation data are shown in table 2. A quenching rate of 1.30×10 7 K s −1 for fluid temperature with a fall from 3000 to 1000 K in the converging nozzle can be expected with equation (8) . Corresponding to the temperature and velocity distribution along the central axis, the static pressure reaches 188.3 kPa at the converging nozzle inlet and then drops to 101.5 kPa at the exit. But the static pressure at the inlet and exit of the straight nozzle, as well as in the cooling tube is almost unchanged at 101.3 kPa.
Verification of simulation results
The self-consistency among velocity, static temperature and static pressure from simulation is verified by comparison with analytic calculation for the case of the converging nozzle according to CFD formula [14] 
where, M a (x), u(x), V(x) correspond to the local Mach number, fluid velocity and local sonic velocity; T * and p * refer to the initial temperature and pressure at the inlet, respectively; Q is the mass flow rate of the fluid; A stands for the cross-section of the converging nozzle exit; k and R refer to the specific heat ratio and the gas constant, respectively, which are 1.31 and 232 J kg converging nozzle, respectively. Referring to sections 4.1 and 4.2, M a =1 at the exit of the converging nozzle, and the simulation results for T, p * and Q agree with the analytic results. Therefore, it is believed that the mesh generation and the computational technique chosen in this simulation are reasonable.
The energy and mass conservation are also checked for the present simulation. The total input enthalpy at the entrance of the two nozzles is 4444 W. The Fluent reported that, for the converging nozzle case, the heat loss from the coolingtube wall is 4126 W, and the enthalpy carried out by fluid at the outlet of the cooling tube is 318 W; for the straight nozzle case, the corresponding values are 3477 and 967 W, respectively. The mass flow rate at the outlet of the cooling tube in both cases is 0.001 73 kg s −1 .
6. Flow characteristics of the fluid in the cooling tube Figure 11 shows the flowing path-line of the fluid in the cooling tube in the converging or straight nozzle. It is obvious that there is inverse flow in both cases. Due to the inverse flow, part of the fluid, which is cooled by heat exchange with the cooling wall goes into the main fluid jet near the nozzle exit. This significantly decreases the temperature of the main fluid jet. Figure 12 shows the axial velocity distribution of fluid near the cooling-wall surface for both cases; the negative value represents back flow. The velocity of back flow near the cooling wall in the converging nozzle case is about 7.5 times that in the case of the straight nozzle. According to the well-known empirical formula [15] Table 2 . Quenching rate estimated from simulation results.
Converging Nozzle Straight Nozzle
Range (mm) the surface heat transfer coefficient, α, between the fluid and cooling tube is proportional to one-third the power of u, which is the relative velocity of fluid near the cooling wall. Therefore, the back flow fluid in the converging nozzle case will lose more heat to the cooling wall, and has lower temperature than that in the straight nozzle case. Figures 13 and 14 show the radial velocity and temperature distribution on the cylinder surface 20 mm away from the central axis, and the negative value of the radial velocity means fluid goes into the main power jet. The fluid went into the main power jet in the converging nozzle case with higher velocity and lower temperature than that in the straight nozzle case. These are the phenomena that bring about the main power jet quick quenching in the converging nozzle case.
To the best of our knowledge, although there have been numerous investigations on fluid passing through a converging nozzle (or Laval nozzle) [16] [17] [18] [19] , few concern the synergy quenching effect of the converging nozzle (or Laval nozzle) combined with a water-cooling tube. Therefore, the synergy quenching mechanism is also analyzed here. First, the compressible fluid is adiabatically expanded in the converging nozzle and accelerated to the local sonic speed to jet away from the nozzle, and part of the heat energy of the fluid converts to convective kinetic energy, brought about by the initial decrease of the fluid temperature. Second, the viscous fluid with a high-speed jet into the cooling tube generated a strong eddy, which greatly enhanced the inverse flow velocity and heat transfer of fluid near the wall of the cooling tube. Subsequently, the reversing fluid with higher radial velocity and lower temperature entrains into the main fluid, which results in a substantial quenching of the main fluid, which has just jetted into the cooling tube. These two mechanisms cause a quick quenching to prevent the reverse reaction of the CO 2 pyrolysis gas when it flowed out of the thermal plasma reactor in our experiments. Figure 15 gives a 1D kinetic estimation of the final CO 2 conversion along the central axis flow region. Here, the influence of the three-body collision and Ar component on the reaction are included. In this case, the initial CO 2 equilibrium conversion in the plasma zone is 54%, but the final conversion becomes 50% or 9% at the exit of the cooling tube in the converging nozzle or straight nozzle case, respectively. These results agree well with the experimental trend in figure 6 , where the corresponding final conversion is 33% or 5%. The difference between kinetic estimation and experiment results may come from the 1D model adopted in the kinetic estimation, while the reality is a 2D problem at least. However, the kinetic estimation indeed indicates that higher final conversion can be obtained due to the quick quenching in the converging nozzle case.
Conclusions
CFD simulation is carried out to understand the synergy quenching effect by the combination of a converging nozzle and cooling tube, which is developed in our previous experiments of CO 2 splitting by thermal plasma. Based on the simulation and experiment results, some conclusions could be summarized:
(1) High-temperature gas can be quickly quenched by proper combination of a converging nozzle and cooling tube. A quenching rate of about 10 7 K s −1 can be expected for the gas temperature drop from 3000 to 1000 K. (2) There are two mechanisms involved in the synergy quenching process. The gas is first quenched in the converging nozzle by a compressible gas dynamics effect, and part of the thermal energy converts to directional kinetic energy. Second, the fluid that highspeed jetted into the cooling tube forms a strong eddy, which greatly enhances the relative velocity and heat loss of the fluid to the cooling-tube wall. Subsequently, the cooled reversing fluid with higher radial velocity and lower temperature is entrained into the main fluid, which results in a substantial quenching of the main fluid, which has just jetted into the cooling tube. (3) The novel quick quenching method introduced may be applicable to a large class of high-temperature processes, which need quick quenching, such as methane pyrolysis by thermal plasma, and CO 2 pyrolysis by microwave plasma.
